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The influence of uremia on fractional sodium reabsorption
by the proximal tubule of rats
RAYMOND G. SCHULTZE, FRED WEISSER and NEAL S. BRICKER
Renal Division, Department of Internal Medicine, Washington University School of Medicine, St. Louis, Missouri
The influence of uremia on fractional sodium reabsorption by
the proximal tubule. Micropuncture and clearance studies were
performed on four groups of rats. All had one remnant kidney
in which the nephron population was reduced by approximately
80%. In the first two groups, the contralateral kidney was intact;
in one of these, micropuncture studies were performed on the
intact kidneys and in the other on the remnant kidneys. In the
remaining two groups the intact kidneys were removed and the
remnant kidneys were studied at one of two time intervals: 1)
within 50 hours of removing the intact kidneys; 2) two to three
weeks post-nephrectomy. Free flow micropuncture techniques
were used to measure single nephron GFR and proximal tubular
sodium reabsorption by superficial nephrons. All animals were
maintained on a constant daily salt intake by tube feeding.
During the studies sodium was infused at a rate adjusted to
produce a modest natriuresis. In both acutely and chronically
uremic animals fractional sodium excretion was markedly
greater than in control animals with the same estimated degree
of ECF volume expansion. Single nephron GFR was increased
in the uremic animals but absolute sodium reabsorption was not
significantly different from the values in the control group. A
substantial reduction in fractional sodium reabsorption by
proximal tubules was observed. The data suggest that both
hyperfiltration and inhibition of proximal tubular sodium
reabsorption contributed to the increased rate of sodium excretion
per nephron in the uremic rats.
Influence de l'urémie sur Ia reabsorption fractionnelle du sodium
par le tube proximal dii rat. Des microponctions et des mesures de
clearances ont été réalisées dans 4 groupes de rats. Tous avaient
un rein dont Ia population de néphrons était réduite d'environ
80%. Dans les deux premiers groupes le rein controlatéral était
intact; dans l'un de ces groupes les microponctions ont été faites
sur le rein intact et dans l'autre sur le rein réduit. Dans les deux
groupes restants les reins intacts étaient enlevés et les reins réduits
ont été étudiés aprés deux délais de temps: 1) dans les 50 heures
qui ont suivi l'ablation du rein intact; 2) deux a trois mois
aprés Ia néphrectomie unilatérale. Des microponctions en
écoulement libre ont permis de mesurer la filtration glomérulaire
des néphrons individuels et la reabsorption du sodium par les
tubes proximaux des néphrons superficiels. Tous les animaux
ont été maintenus a un apport constant de sodium administré
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par sonde gastrique. Pendant les experiences du sodium était
injecté a un debit ajusté pour obtenir une natriurése faible.
Chez les animaux urémiques aigus ou chroniques l'excrétion
fractionnelle du sodium était considérablement plus grande que
chez les animaux controles dont les liquides extra cellulaires
étaient augmentés de façon comparable. Les filtrations gloméru-
laires individuelles étaient augmentées chez les animaux urémi-
ques mais Ia reabsorption absolue du sodium n'Ctait pas signi-
ficativement differente des valeurs observées dans le groupe
contrôle. Une reduction importante de la reabsorption fraction-
nelle proximale de sodium a été observée. Les résultats suggCrent
que l'hyper-filtration et l'inhibition de Ia reabsorption tubulaire
proximale du sodium contribuent toutes deux au debit accru
d'excrétion du sodium par néphron chez les rats urémiques.
In order to maintain external sodium balance while
ingesting a normal salt intake, patients with marked
nephron reduction secondary to chronic renal disease must
excrete progressively larger amounts of sodium per nephron
as their disease advances. Thus, fractional sodium excretion
in uremia is much higher than in normal individuals on the
same salt intake. Furthermore, the lower the GFR, the
greater must be the increase in fractional sodium exretion
in response to the addition of any given amount of sodium
to the extracellular fluid (ECF). The mechanisms respon-
sible for the increased fractional sodium excretion and the
marked natriuresis per nephron have been the subject of
several recent investigations [1—3].
We previously have reported studies in dogs which
suggested that the increase in fractional excretion of sodium
and the natriuresis per nephron characteristic of the uremic
state occur independently of the absolute level of mineralo-
corticoid hormone activity. Moreover, the adaptation in
sodium excretion, while facilitated by any increase in GFR
per nephron, is not dependent upon the latter. Finally the
regulation of sodium excretion in uremia probably is not
dependent upon a rising level of impermeable solutes
in the glomerular filtrate [1]. We have suggested that the in-
creased natriuresis per nephron was achieved, at least in
part, through a reduction in proximal tubular reabsorption
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of sodium. Subsequently, Hayslett, Kashgarian and Epstein
[2] reported that proximal tubular sodium reabsorption
was unchanged after experimental reduction of the nephion
population in rats, and they concluded that the increased
rate of sodium excreted per nephron was achieved by a
decrease in the rate of sodium reabsorption in the distal
tubule. However, fractional excretion of sodium averaged
only 0.5% in their uremic animals, which is the value
seen in a normal man (GFR 120 ml/min) ingesting 7.0 grams
of NaC1 per day. A uremic man with a GFR of 12 mlJmin
would excrete only 12 mEq of sodium per day with a
fractional sodium excretion rate of 0.5%. Thus, in their
experimental model a marked natriuresis per nephron was
not induced, and it perhaps is because of this that proximal
sodium reabsorption was not depressed despite the presence
of uremia.
In the present study an attempt was made to increase
the rate of sodium excretion per nephron in uremic rats.
Four groups of rats were employed. In all, the nephron
population of one kidney was diminished by approximately
75 to 80% by ligating terminal branches of its renal artery.
In two groups, both used for control purposes, the contra-
lateral kidney was left in situ so that about 60% of the
original (i.e., bilateral) nephron population remained. In
the other two groups, the contralateral kidney was removed
prior to performance of the experiments. The latter animals,
thus, had a marked decrease in total nephron population
and were uremic. To increase fractional sodium excretion
during micropuncture to levels equivalent to those which
occur normally in uremic patients, saline was infused into
the uremic rats at a rate sufficient to produce absolute
sodium excretion rates of approximately 6 iiEq/min. Saline
was infused into the non-uremic control animals in similar
amounts. Total sodium excretion rates, single nephron
GFR, and fractional sodium reabsorption by the proximal
tubule of individual superficial nephrons were measured
by clearance and micropuncture techniques, respectively.
Methods
Female Sprague-Dawley rats of the Holtzman strain
weighing 230 to 280 g were used. In a preliminary operation,
the nephron population of one kidney was reduced by
approximately 80% by ligating all but one branch of the
second and third order divisions of the ipsilateral renal
artery. Approximately two weeks were allowed for ;ecovery
from this procedure. The animals then were injected intra-
muscularly with 0.6 mg of desoxycorticosterone pivalate, a
long-acting mineralocorticoid hormone preparation. They
also were begun on a sodium intake of 1.5 mEq/l00 g
body wt per day, administered in two equal portions by
gastric tube. Caloric needs were met by free access to a
sodium-deficient diet1. Each rat was kept in a metabolic
1 Obtained from Nutritional Biochemicals Corporation, Cleve-
land, Ohio.
cage, weighed daily, and the daily urine output was collected
for measurement of volume and sodium excretion.
On the day of study, the morning salt feeding was omitted.
The animals were anesthetized with mactin (6 to 10 mg/
100 g) and were prepared for micropuncture by tracheo-
stomy and catheterization of both jugular veins, one
femoral artery and the urinary bladder. The rats were
placed on a heated board to maintain body temperature at
37 to 38° C. The left kidney was exposed through a small
flank incision, freed of its attachment to pen-renal fat, and
placed in a high-walled glass cup. A window was cut in one
wall of the cup to allow for the emergence of the renal
artery and vein and the ureter. During the period of micro-
puncture, this window was closed with moleskin. The
kidney was completely immersed in light mineral oil
heated to 37 to 38° C. Isotonic saline containing 14C-
inulin2 was infused at a rate of 0.023 to 0.150 mI/mm
to maintain a sodium excretion rate within the desired
range in the different groups.
Fractional sodium reabsorption by proximal tubules and
single nephron GFR (SNGFR) were measured by free-
flow techniques. Intravenous administration of 5% liss-
amine green (0.02 to 0.04 mI/injection) was utilized both
for the measurement of transit time and the location of the
most distal accessible convolutions of the proximal tubules
of surface nephrons. Oil-filled pipettes with ground tips,
8—10 t in diameter, were introduced into the tubule and
an oil column approximately 100 ii in length was al-
lowed to drift to a position just distal to the tip of the
pipette. At this time, flow of tubular fluid into the pipette
was initiated by applying a small amount of suction with
a syringe to the pipette. Collections were obtained with the
oil droplet stationary or drifting very slowly from the pipette
tip. Care was taken to prevent the oil column from moving
back toward the tip of the pipette. When retrograde move-
ment of the oil droplet was observed, or if the tubule
proximal to the pipette tip narrowed, the collected sample
was discarded. The volume of fluid collected was measured
by transferring the sample to a calibrated constant-bore
quartz pipette and measuring the length of the fluid column
with a comparator. The entire sample was then discharged
into 15 ml of Brays solution, and the '4C was measured in a
Packard liquid scintillation counter. SNGFR and the
absolute rate of sodium reabsorption to the point of punc-
ture were calculated from the data obtained [4].
Inulin clearance and sodium excretion rates were deter-
mined from three to five collections of bladder urine.
Blood samples were determined at the beginning and end
of each clearance period and the values plotted against
time. The values at the time of collection of tubular fluid
and at the midpoint of each clearance period were obtained
from the graph. Hematocnits were determined on each
blood sample. Four to nine tubules (mean = 7)were sampled
in each animal.
2 Obtained from New England Nuclear, Boston, Massachusetts.
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At the end of each experiment, blood was obtained from
the aorta for determination of total serum protein con-
centrations.
As indicated, studies were performed on two groups of
non-uremic "control" rats which had both the remnant and
intact organs present, and in two uremic groups of rats
which had only the remnant kidney present. In one of the
control groups, the intact kidney was micropunctured; in
the other, the remnant organ was micropunctured. One
group of uremic animals was studied within 50 hours of
removing the control kidney; the other was studied two to
three weeks post-nephrectomy when uremia was well
established.
Sodiuni and potassium were determined on an Instru-
mentation Laboratory Model 142 Flame Photometer. Total
serum proteins were determined by the method of Lowry
[5].
Results
Measurements of daily weights and of daily 24 hour
sodium excretion rates demonstrated that all animals in
both control and uremic groups were in external sodium
balance throughout the period of observation preceeding
the micropuncture and clearance studies.
Clearance data. The clearance data are summarized in
Table 1. The average glomerular filtration rate of the control
animals was approximately seven times greater than that
of the uremic animals. Sodium excretion averaged 11.3 i.tEq/
mm in the control groups while the acutely uremic rats
excreted 5.7 iEq/min and the chronically uremic animals
6.7 pEq/min. Fractional sodium excretion on the other
hand, was substantially greater in the uremic animals than
in the controls, averaging 12.6% for the two uremic groups
and 2.97% for the two control groups. Blood pressures
tended to be somewhat higher in the uremic animals than
in the control groups (P<0.l). There was no difference
in the plasma concentrations. Anemia (hematocrit:
<35 vol %) was present in one control and two chronically
uremic rats. In the rest of the animals the hematocrits
ranged from 37 to 52%.
Micropuncture data. The micropuncture data are sum-
marized in Table 2, and the individual values for TF/P
inulin, single nephron GFR (SNGFR), and absolute re-
absorption of tubular fluid are presented in Figs. 1, 2 and 3,
respectively.
Transit times were equal in the two control groups aver-
aging 8.6 and 8.4 seconds in the intact and remnant kidney,
respectively. In the uremic animals transit times were
shorter averaging 5.1 and 7.4 seconds in the acutely and
chronically uremic animals, respectively.
The mean TF/P inulin ratio at the end of the accessible
portion of the proximal tubule averaged 1.99 and 1.74
in the two control groups3. TF/P inulin ratios were sub-
The difference between these two values is significant, P <
0.005.
Table 1. Summary of clearance data on control and uremic rats
Rat GFR
mi/mm
UNaV EFNa Mean BP
iEq/min % mm Hg
Plasma
Protein
g/100 ml
Hct
%
Group Ja
Control animals
51A 3.76 13.6 2.61 120 6.00 45
53A 2.86 13.3 3.24 127 30
54A 2.96 11.6 2.83 144 44
54B 2.13 10,4 3.33 138 4.48 47
69A 2.82 11.5 2.95 126 4.16 37
70A 3.55 10.7 2.24 124 4.48 49
Mean 3.01 11.9 2.87 130 4.78 42
0.24 0.5 0.17 4 0.41 3
Group JJa
56A 2.56 12.1 3.58 152 4.48 52
57A 2.08 8.9 3.12 163 49
57B 2.43 10.6 3.12 128 3.84 43
58B 2.72 10.2 2.71 142 4.32 45
Mean 2.49 10.4 3.13 146 4.21 48
0.14 0.7 0.18 7 0.17 2
Uremic animals
Group 111 Acute
64B 0.60 7.7 9.47 131 5.44 44
65A 0.31 6.4 15.11 189 4.80 44
65B 0.29 6.5 15.80 190 3.68 46
67B 0.23 4.3 13.82 155 3.68 46
68A 0.33 3.8 8.43 147 4.80 44
Mean 0.35 5.7 12.43 162 4.48 45
0.06 0.7 1.50 12 0.35 1
Group IV C/ironic
70B 0.37 8.1 16.00 165 3.84 42
71A 0.38 4.0 7.73 145 4.80 48
71B 0.21 5.0 17.00 108 3.84 25
75A 0.65 9.6 10.84 168 27
Mean 0.40 6.7 12.89 146 4.16 35
0.09 1.3 2.19 14 0.32 6
a In Group I the intact kidneys were subjected to micropuncture;
in Group II the remnant kidneys were micropunctured. The
clearance data are for both kidneys combined.
Table 2. Summary of micropuncture data
Group I Group II Group III Group IV
Control Control Uremic Uremic
Intact Remnant Acute Chronic
kidney kidney
Animals 6 4 5 4
Transit time 8.6 9.4 ±0.2 7.4
(seconds)
TF/P Insulin 1.99 0.07 1.74 0.05 1.37 0.02 1.46 0.03
(tubules) [42] [29] [38] [26]
SNGFR 85.5±4.8 78.8±5.8 104.7±4.0 118.3±9.0
(ni/mm) [41] [29] [36] [26]
Filtrate 41.1 3.4 30.4± 2.6 28.1 1.7 35.6± 3.4
reabsorbed [41] [29] [36] [26]
(ni/mm)
Abbreviations: SNGFR=single nephron glomerular filtration
rate; nl/min=nanoliters per minute.
Fig. 1. Tubular fluid to plasma inulin ratios in the four groups of
rats studied. Horizontal lines represent the mean of each group.
Each point represents a single observation.
stantially lower in both uremic groups than either of the
control groups. The value of the acutely uremic animals
was 1.37 and for the chronically uremic animals.
1.46±0.03. These values are significantly different from
the value for the remnant as well as the intact kidneys
of the control animals (P<0.00l).
SNGFR averaged 85.5 nl/min in superficial nephrons
of the intact control kidneys and 78.8 nI/mm in nephrons
of remnant control kidneys. SNGFR was significantly
greater in both uremic groups. The mean value was
104.7 nI/mm in the acutely uremic animals and 118.3 nI/mm
in the chronically uremic animals (P<0.001 vs either control
groups). The difference in the values between the two
uremic groups was not significant.
The absolute rate of fluid reabsorption to the most
distal accessible point of the proximal convoluted tubule
was calculated from TF/P inulin and the SNGFR (3). For
the nephrons of the intact kidneys in the first control group
the value was 41.1 nI/mm, and for the nephrons of the
remnant kidneys of the other control group, the value
was 30.4 nI/mm. This difference is significant (P<0.02).
Fig. 2. Single nephron GFR expressed in nI/mm for each of the
four groups of rats studied. Each point represents a single observa-
tion and the horizontal lines are the mean for each group.
Despite the significant increase in SNGFR in both uremic
groups, the absolute rate of sodium absorption was not
significantly different from the values observed in the
remnant organs of the control groups. The value in the
acutely uremic group was 28.1 nI/mm and in the chronically
uremic animals, 35.5 3.4 nI/mm. The difference between
the two uremic groups is also not significant.
Discussion
External sodium balance in uremic patients ingesting a
normal salt diet is well maintained in the absence of the
nephrotic syndrome or congestive heart failure [3]. Thus,
if salt intake remains constant as GFR declines, the residual
nephrons must excrete increasingly larger fractions of
filtered sodium. We have suggested previously that suppres-
sion of proximal sodium reabsorption may contribute to
the natriuresis per nephron and the increase in fractional
sodium excretion seen in uremia [1]. The present studies
were designed to explore this hypothesis further. Free-flow
micropuncture studies of proximal sodium reabsorption
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were performed in four groups of rats. All animals had one
remnant kidney in which the nephron population had been
reduced by approximately 75 to 80%. In the two control
groups, the contralateral organ was intact and contributed
to renal function. In one of these groups the nephrons
of the intact kidneys were micropunctured, while in the
other, the nephrons of the remnant organ were studied.
In the other two groups the contralateral kidney was
removed prior to studying the remnant kidney. These
animals became uremic. One uremic group was studied
within 50 hours of nephrectomy, and the other 2—3 weeks
post-nephrectomy. For at least one week prior to the micro-
puncture studies all animals were on the same salt intake
and all remained in external sodium balance.
These studies were designed to permit examination of
proximal tubular sodium reabsorption in uremic rats
excreting a fraction of their filtered load of sodium com-
parable to that observed in uremic patients on a normal
salt intake. We estimated that under micropuncture condi-
tions the uremic rats would have a filtration rate of about
0,35 mI/mm and a body weight of 250 g. Thus, a daily
sodium chloride load of 1.5 mEq/100 g would require a
fractional sodium excretion of approximately 5 to 6%
if external balance was to be maintained. In a normal
250 g rat with a GFR of about 2.5 ml/min this load of
NaCI would require a fractional excretion of 0.75%. This
is the same fraction of filtered sodium that a normal human
being with a GFR of 120 mI/mm would excrete if he ingested
lOg of NaCI per day.
Unfortunately, the rat prepared for micropuncture with
incisions in the neck for tracheostomy and jugular vein
catheters, in the inguinal region for a femoral artery
catheter, and in the left flank for mobilization of the
kidney is not comparable to the rat awake and moving
about its cage. Moreover, in the present studies there is
tissue trauma and bleeding secondary to mobilization
of the infarcted kidney. Finally, during the micropuncture
procedure fluid is lost through the peritoneal cavity, into
the intestine, and into the tissue surrounding the wounds.
Hence, fractional sodium excretion is typically well below
that predicted from the level of the salt intake and the GFR.
To achieve sodium excretion rates in the desired range,
saline was infused at rates varying between 23 and 150 jill
mm for up to 180 minutes. It is significant, however,
that no change in hematocrit occurred during the course
of the entire experiments despite the infusion of saline. Thus,
intravascular volume expansion, if it occurred, was too
small to result in a decrease in the hematocrit. We infer
from this observation that the sodium infused into the rats
during the micropuncture experiments was just sufficient
to compensate for the fluid lost into extravascular spaces
or excreted in the urine. With respect to the uremic vs
the control animals, the amount of saline infused into the
uremic group was slightly less than that used in the control
animals, although the difference was not significant. In a
separate group of rats, in which the preparative and micro-
puncture procedures and rates of infusion were identical
to those used in the present animals, the ECF volume
estimated using the inulin space, was actually slightly
smaller in the uremic animals than in the control groups [6].
Fractional sodium reabsorption in the proximal tubules
of superficial nephrons of the uremic animals was sub-
stantially and significantly less than the values observed
in the control animals despite, the fact that control animals
excreted more sodium than the uremic animals. Thus, the
greater rate of sodium excretion per nephron in the uremic
rats and the excretion of a greater fraction of filtered
sodium is due, at least In part, to a decrease in fractional
sodium reabsorption by the proximal tubule.
The data on proximal tubular function of the uremic
animals may be interpreted in two ways. The observed
decrease in proximal fractional sodium absorption could be
due to the increase in GFR per nephron with a constant
rate of absolute reabsorption or it could be due to a
modulated decrease in tubular reabsorption of sodium.
The observation that the absolute rate of sodium and water
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Fig. 3. Fluid reabsorption in fl/mm by the proximal tubules to
the point of micropuncture. Each point represents a single obser-
vation.
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reabsorption was similar in the nephrons of the remnant
kidneys of control and uremic animals is consistent with
the first interpretation. However, external sodium balance
is also maintained in uremic animals with decreased SNGFR
secondary to experimental glomerulonephritis [7]. More-
over, there is good evidence that the development of hyper-
filtration is not the key factor in the ability of uremic
animals to maintain external sodium balance [1]. Thus,
we believe that hyperfiltration, when it occurs, must contri-
bute to the increased natriuresis per nephron but that a
modulated suppression of sodium reabsorption by the
proximal tubule with a resetting of glomerulotubu-
lar balance may be a more consistent and important
factor.
Recently, in a preliminary report, Dirks et al have pres-
ented data from dogs with a remnant kidney which are
consistent with the present findings [8]. These investigators
found that TF/P inulin fell from a control value of 1.72 to
1.50 when the nephron population was reduced. Their
control animals excreted 0.9% of the filtered sodium while
their experimental uremic animals excreted 2% of the filtered
load of sodium. A more modest decrease in fractional
sodium reabsorption occurred after expansion with Ringer's
solution (control TF/P inulin 1.41; expansion 1.37).
Tn our animals the SNGFR was significantly greater
than previously reported for normal rats infused with
saline at low rates [4]. In our laboratory normal animals
have a SNGFR of approximately 30 to 35 nI/mm. However,
the control animals in this study had a 30 to 40% reduction
in nephron population and our results are similar to those
reported by Hayslett, Kashgarian and Epstein for rats
with a 50% decrease in nephron population [2]. The
SNGFR in our uremic animals was significantly greater
then in the control group suggesting that more marked
nephron reduction provided a further stimulus for hyper-
filtration.
The mechanism by which sodium reabsorption in the
proximal tubule is inhibited in the uremic animals is not
clear. Physical factors affecting fluid movement from the
peritubular interstitial space into the peritubular capillaries
could play a role [9, 10]. Indeed, there was a tendency for
blood pressure to rise in the uremic animals although a
decrease in fractional sodium reabsorption in the proximal
tubule was also observed in those animals that did not have
an increased blood pressure. There was no significant
change in plasma protein concentration in either of the
experimental (i.e., uremic) groups, and hematocrit was
decreased in only two of the uremic animals. However,
filtration fractions were not measured and peritubular
capillary oncotic pressure changes cannot be estimated.
Recently Agus, Puschett, Senesky and Goldberg [11]
reported that parathyroid hormone reduced proximal
tubular reabsorption of sodium. It has been known for
some time that parathyroid hormone levels are quite high
in uremia, and it is possible that part of the suppression
of proximal reabsorption we have observed is due to this
hormone.
Finally, there is evidence that uremic plasma contains
a substance which reduces sodium transport by epithelial
tissues. A partially purified fraction of uremic plasma
has been demonstrated to reduce short-circuit current of the
isolated frog skin and toad bladder [12]; the same fraction
is natriuretic when infused into rats with reduced nephron
population [13]. Whether this substance is an effector com-
ponent of the sodium-control system which contributes
to the natriuresis per nephron in uremia has yet to be
determined.
In summary, uremic rats excreting approximately
6 j.tEq/min of sodium and about 13% of their filtered
sodium have substantially lower values for fractional
sodium reabsorption in superficial proximal tubules than
do control rats ingesting the same amount of salt and
receiving the same quantity of saline by infusion. The data
suggest that the increased rate of sodium excretion per
nephron and the increased percentage of filtered sodium
excreted by the uremic rats were explicable, in part, by
decreased fractional reabsorption proximally. Further
control of sodium excretion may well take place in the
distal tubule in uremia.
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